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10 Title 

TOTAL NITROGEN, SULFUR AND CHLORINE ANALYSIS 



Fin O OF THE INVENTION 

1 5 The present invention relates to an apparatus and method for determination of total 
nitrogen, sulfur and/or chlorine content in aqueous and hydrocarbon matrices, and 
more particularly to oxidizing a sample by combustion and detecting specific chemi- 
cal compounds using an electrochemical detector. 

20 

nFSrRIFTlON OF THE RELATED ART 

In the field of workplace or ambient air monitoring, toxic gas monitors are available 
for measuring parts per million levels of gaseous nitric oxide (NO), sulfur dioxide 
(SOp and hydrogen chloride (HCI) using electrochemical principles. A worker at risk 
25 to exposure to a toxic gas may wear a device for sampling and testing the air he or 
she breathes. The device may warn the worker of an acute exposure or record a 
cumulative exposure. Such a device is typically measuring a very minute concentra- 
tion using a very large sample volume, yet the device must be small enough to be 
worn by a worker. 

30 

For example, City Technology, Ltd. of Portsmouth, Hants, England supplies sensors 
for monitoring contaminants such as NO, S0 2 and HCI in air. City Technology, Ltd. 
uses an electrochemical detector as its sensor for measuring an air contaminant. A 
simple sensor operating on electrochemical principles has two electrodes, a sensing 
35 electrode and a counter electrode, separated by a thin layer of electr lyte and con- 
nected by a low resistance external circuit. Gas diffusing into the sensor is reacted 
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at the surface of the sensing electrode, by oxidation or reduction, causing a current 
to flow between the electrodes through the external circuit. The current is propor- 
tional to the concentration of gas and can be measured across a load resistor in the 
external circuit. For reaction to take place the sensing electrode potential must be 
5 within a specific range. U.S. Patent Nos. 4,474,648 and 4,587,003, both issued to 
Tantram et al. and entitled "Gas Sensor," are illustrative of electrochemical gas sen- 
sors and are incorporated by reference for all purposes. 

As the gas concentration increases so does the current flow, causing a change in the 
10 potential of the counter electrode (polarization). With the electrodes connected to- 
gether by a simple load resistor, the sensing electrode potential follows that of the 
counter electrode. If the gas concentration continues to rise, the sensing electrode 
potential will eventually move outside its permitted range. At this point the sensor 
becomes nonlinear, which effectively limits the upper concentration of gas a two- 
1 5 electrode sensor can be used to measure. Nonlinearity due to polarization is avoided 
by adding a third electrode, a reference electrode, and using an external poten- 
tiostatic operating circuit. 

If no reactant gas is present, the sensing electrode will exhibit a small signal, which 
20 is known as its baseline. By calibration the baseline can be set to zero, but the mag- 
nitude of the baseline increases exponentially with temperature. A fourth electrode, 
an auxiliary electrode, can be used to offset the effects of temperature changes. 
Thus, for monitoring workplace or ambient air for contaminants, an electrochemical 
detector with three or four electrodes is compact, lightweight and sufficiently accu- 
25 rate and reliable, yet it is cost effective. 

In the field of industrial process measurements, particularly in refinery and chemical 
stream and waste analysis, one type of analyzer employed frequently for measuring 
sulfur and nitrogen content incorporates fluorescent and chemiluminescent detec- 

30 tors, respectively. For example, in U.S. Patent No. 5,1 52,963 dated October 6, 1 992, 
which is incorporated by reference for all purposes, a total sulfur analyzer system is 
set forth that operates on gas, liquid or solid samples including free sulfur and sul- 
fur and nitrogen compounds. The sample is first combusted to provide products of 
combustion including sulfur dioxide (SO) and nitric oxide (NO). The S0 2 quantity is 

35 measured by exposure to a particular frequency f ultraviolet light to obtain fluo- 
rescence, and fluorescent photons are measured by a photomultiplier tube. The NO 
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is reacted with ozone to form N0 2 , and in this reaction chemiluminescent light is 
emitted and measured. 

An analyzer using fluorescence and chemiluminescent detectors requires a number 
5 of components such as an ultraviolet light source and associated optics, photomul- 
tiplier tubes and an ozone generator. These various components are each a poten- 
tial source of error in a measurement, and some components are sensitive, delicate 
or fragile as well as expensive. Consequently, a need remains for a simpler and less 
expensive laboratory or field analyzer capable of measuring total nitrogen, sulfur 
10 and/or chlorine. 

SUMMARY OF THE INVENTION 

The present invention provides an analyzer system and a method for measuring 
15 total nitrogen, sulfur and/or chlorine in a solid, liquid or gaseous sample. The sam- 
ple is fed to a furnace module where it is burned in the presence of oxygen to pro- 
duce a combustion gas. Essentially all nitrogen in the sample, except diatomic nitro- 
gen (N^, is converted to nitric oxide (NO). Essentially all sulfur in the sample is con- 
verted to sulfur dioxide (SO^, and essentially all chlorine in the sample is converted 
20 to hydrogen chloride (HCI). Water is typically in the combustion gas and is prefera- 
bly removed in a dryer. Dry combustion gas is fed to an electrochemical detector, 
one detector for each specific compound to be measured. A control system provides 
a user interface for monitoring and controlling several components such as the fur- 
nace module and the detector. 

25 

BRIEF DESCRIPTION OF THE DRAWINGS 

A better understanding of the present invention can be obtained when the following 
detailed description of various embodiments of the invention is considered in con- 
30 junction with the drawings, which are described as follows. 

Fig.l is a schematic diagram of an analytical system according to the present 
invention. 

Fig.2 is a schematic diagram of a control and interface system for the analytical 
35 system of Fig.l. 
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nFTAILED DESCRIPTION OF THE PREFERRFD EMBODIMENTS 
With reference to Fig. 1 , an analytical system 1 0 for measuring total nitrogen, sulfur 
and/or chlorine in a sample is illustrated schematically according to the present in- 
vention. An inert carrier gas 12, such as high-purity argon, is fed to a sample intro- 
duction apparatus 14, and a mass flow controller 16 regulates the flow of carrier 
gas 12. Sample introduction apparatus 14 receives the sample for analysis, and the 
sample can be an aqueous or a hydrocarbon matrix and can be solid, liquid, gaseous 
or otherwise. Solid samples can be introduced by a quartz capsule or a quartz sam- 
ple boat. Liquid samples can be introduced by microliter syringe, quartz capsule or 
quartz sample boat and gaseous samples can be introduced by a gas sample valve 
or by a gas-tight syringe. The sample introduction apparatus must be suitable for 
the state of the sample and must be capable of delivering the sample accurately and 
repeatably. 



Oxygen 1 8, which is preferably a high-purity oxygen, is mixed with the sample from 
sample introduction apparatus 14, and the mixture is fed to a high-temperature fur- 
nace module 20. Oygen 18 is also fed directly to furnace module 20, and a mass 
flow controller 22 regulates the combined total flow of oxygen 18. Furnace module 
20 22 includes a high-temperature tube furnace, which can be a quartz combustion 
tube capable of continuous operation in the range of about 900 to 1200'C or a ce- 
ramic combustion tube capable of continuous operation up to at least about 1 600'C 
and preferably up to about 1800*0. The quartz combustion tube is packed with 
quartz chips, and a type K thermocouple or its equivalent is used for temperature 
25 measurement. A cooling fan is provided for removing excess heat from a housing 
for furnace module 22. A furnace suitable for use as furnace module 20 is available 
from APS Technologies, Inc. of Spring, Texas. 

In furnace module 22 the sample is vaporized in the high-temperature oxygen-rich 
30 atmosphere, and the sample is oxidized. This oxidation of the sample and all of its 
constituents produces a combustion gas containing stable oxides, except for chlo- 
rine, which is unstable as an oxide. Chlorine reacts with water in the combustion 
gas to produce hydrogen chloride (hereinafter referred to as "HCI"). the water being 
produced as a by-product of combustion or introduced as part of the sample. Thus, 
35 chlorine in the sample is converted to HCI. Nitrogen in the sample, except diatomic 
nitrogen, N , is converted to nitric oxide (hereinafter referred to as "NO"), and sulfur 
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in the sample is converted to sulfur dioxide (hereinafter referred to as "SO^. Nitro- 
gen, sulfur and chlorine in the sample can exist as essentially any compound, and 
compounds containing the elements nitrogen, sulfur and chlorine in the sample are 
converted essentially completely to NO, S0 2 and HCI, respectively. Thus, measure- 
5 ment of these compounds provides a measurement of the total amount of. these 
elements in the sample. For example, in a hydrocarbon matrix the nitrogen and sul- 
fur may be bound to a hydrocarbon molecule, and the chlorine may be present as a 
chlorinated organic compound. 

10 The combustion gas produced in furnace module 22 is dried in a gas dehydration 
unit 24 to remove water, producing a water-free or dry combustion gas sample. Wa- 
ter in the combustion gas may have been produced in furnace module 22 as an oxi- 
dation by-product or, for example, it may have been part of an aqueous sample. In 
either case it is preferable to remove the water. Gas dehydration unit 24 includes a 

15 permeation dryer such as that sold by Perma Pure, Inc. under the registered trade- 
mark Nafion, part number PD-624-12PP-APS or an equivalent dryer. Alternatively, a 
98% sulfuric acid scrubber with a heated gas transfer tube can be used to remove 
water from the combustion gas, thus producing the water-free or dry combustion 
gas sample. 

20 

The dry combustion gas sample from gas dehydration unit 24 is fed to a microelec- 
trochemical detector system 26. Micro-electrochemical detector system 26 includes 
at least one electrochemical detector and as many as three. In this embodiment 
three electrochemical detectors are illustrated, an electrochemical NO detector 26a, 

25 an electrochemical S0 2 detector 26b and an electrochemical HCI detector 26c. Elec- 
trochemical NO detector 26a selectively detects NO, and other compounds or spe- 
cies in the dry combustion gas sample do not interfere with the measurement of NO 
in the sample. Electrochemical S0 2 detector 26b selectively detects S0 2 , and other 
compounds or species in the dry combustion gas sample do not interfere with the 

30 measurement of S0 2 in the sample. Likewise, electrochemical HCI detector 26c se- 
lectively detects HCI, and other compounds or species in the dry combustion gas 
sample do not interfere with the measurement of HCI in the sample. 

Suitable electrochemical detectors can be obtained from City Technology, Ltd. of 
35 Portsmouth, Hants, England. City Technology, Ltd. has a part number 3MNT or 
equivalent three or four electrode models suitable for use as electrochemical NO 
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detector 26a, part number 3MST/F or equivalent three or four electrode models 
suitable for use as electrochemical S0 2 detector 26b, as well as one for electro- 
chemical HCI detector 26c. Electrochemical detector system 26 has solenoid valves 
28 for directing sample flow through electrochemical detectors 26a f 26b and 26c, 
5 which may be operated in parallel or in series, and if in series, then in any sequence 
since there is no interference in measurements. Vents 30 are provided for venting 
the sample from electrochemical detectors 26a, 26b and 26c. All of the electro- 
chemical detectors 26a, 26,b and 26c can be used in electrochemical detector sys- 
tem 26 or any one or two can be used. A particular application will dictate which of 
10 electrochemical detectors 26a, 26b and/or 26c to use. For more information on elec- 
trochemical detectors 26a, 26b and 26c, see the patents concerning electrochemical 
detectors which were incorporated by reference above. 

A control system 32 provides a user interface, processing capability and electronics 
1 5 for operating, through an electronic interface 34, sample introduction apparatus 1 4, 
mass flow controllers 16, 22, furnace module 20, gas dehydration unit 24 and elec- 
trochemical detector system 26. Dark, heavy lines indicate electrical connection be- 
tween components, while light, fine lines indicate the flow of sample, carrier gas 12 
and/or oxygen 1 8. Control system 32 uses presently a personal computer, and a 
20 graphical interface is provided using software such as that provided by Microsoft 
corporation under the trademarks Windows 95 or Windows NT. A monitor 36, a 
keyboard and a pointing device, such as a mouse, provide an interface to control 
system 32 for a user. Control system 32 stores and displays data via monitor 36 or 
a printer 38, and control system 32 can be networked with other computers via a 
25 network system 40. Software, such as is used typically with such analyzer systems, 
is provided for control of the various components and for Manipulation, display and 
analysis of data. 

With reference to Fig. 2, more detail is provided for control system 32 and electronic 
30 interface 34. Control system 32 includes a PC bus 42, which is the main bus in the 
personal computer. Four PC boards 44a, 44b, 44c and 44d plug directly into PC bus 
42 and provide essentially realtime control for the various components in analytical 
system 10 while the personal computer provides supervisory control, monitoring 
and data storage and analysis. PC board 44a is connected to a furnace PC board 46 
35 and is always included. PC board 44a provides essentially realtime control for fur- 
nace module 22, sample introduction apparatus 14 and mass flow controllers 16 
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and 22, as well as for various timed events. At least one of PC boards 44b, 44c or 
44d is included, depending on the application and thus the chemical compound to 
be detected and measured. A detector interface board 48 provides a power, a 
ground and a signal connection between PC boards 44b, 44c and/or 44d and elec- 
5 trochemical detector cells 26a\ 26b' and/or 26c 1 via coaxial cables. An interconnect 
cable connects PC board 44a to furnace PC board 46 and PC boards 44b, 44c and 
44d to detector interface board 48. 

To operate analytical system 10, control system 32 is activated and furnace module 
10 20 is heated to its operating temperature. Inert carrier gas 1 2, such as dry argon or 
helium with a minimum purity of 99.956, and oxygen 1 8, with preferably a minimum 
purity of 99.7%, are available from pressurized sources and mass flow controllers 1 6 
and 22, respectively, control flow of these gases through the system. Analytical 
system 10 is previously assembled with a proper array of electrochemical detectors 
1 5 26a, 26b and/or 26c for the sample to be analyzed. Depending on the concentration 
and matrix, a 1 to 1 00 pL sample is fed to analytical system 10 via sample introduc- 
tion apparatus 14 using a quartz boat, quartz capsule, syringe or valve as described 
above. For multiple samples, an automatic sampler can be used for feeding samples 
sequentially to the system. 

20 

Oxygen present in the high-temperature (900 to 1600*C, typically about 1000'C) 
tube furnace provides a highly oxidative atmosphere for oxidizing the sample as it 
is carried through furnace module 20. If the sample contains nitrogen, sulfur and 
chlorine compounds, then combustion gas from furnace module 20 or gas dehydra- 

25 tion unit 24 contains NO, S0 2 and HCI, respectively. The sample can contain all 
three, any one, or any two compounds containing nitrogen, sulfur and/or chlorine. 
Electrochemical detectors 26a, 26b and/or 26c yield a signal proportional to the 
concentration of NO, SO, and/or HCI, respectively, in the sample, which, by calcula- 
tion, is used to determine the total nitrogen, sulfur and/or chlorine in the sample. 

30 Such determination can be viewed on monitor 36, printed on printer 38 or trans- 
ferred to another computer via network 40. 

Chemiluminescent and fluorescent detectors became the standard or typical detec- 
tor of choice for measuring total nitrogen and sulfur, respectively. This was the case 
35 in spite of the complexity of the equipment due to the number of components and 
the sensitivity or fragility of the components. In years past alternative detectors 
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were considered Including detectors based on electrochemical analysis. However, 
electrochemical analysis was dismissed as an unsatisfactory solution, and this view 
continued to exist until subsequent experimentation resulted in the present inven- 
tion. Consider the data in Table 1, which is representative data obtained for the 
S analysis of nitrogen in a hydrocarbon matrix by combustion/chemiluminescence and 
by combustion/electrochemical detection. 





TABLE 1 . 




DETECTOR 


Chemiluminescent 


Electrochemical 


PARAMETER 


Nitroaen 


Nitroaen 


CONCENTRATION. mo/L 


5.0 


5.0 


INTEGRATOR COUNTS 


109.6S8 


1 53.463 


STANDARD DEVIATION 






(counts) 


7.S19 


4,517 



15 

The electrochemical detector had a higher sensitivity (1 53,463 vs. 109,658 counts) 
for measuring nitrogen in the sample than did the chemiluminescent detector. This 
was a surprising result because in earlier years electrochemical analysis had been 
dismissed as an unsatisfactory method for determining total nitrogen in a sample. 

20 Further, the electrochemical detector had a better repeatability (as indicated by the 
standard deviation of 4,51 7 vs. 7,519 counts) than did the chemiluminescent detec- 
tor. This was also an unexpected result. It was discovered that the signal-to-noise 
ratio for analytical system 1 0 is significantly better than that for a prior art system 
using chemiluminescent and fluorescent detectors, both the sensitivity being 

25 greater and the noise being less. A signal-to-noise ratio for a prior art system using 
chemiluminescent and fluorescent detectors is commonly accepted as 2 to 1 , but 
the signal-to-noise ratio for analytical system 10 is significantly better at 10 to 1 or 
greater. The detectable quantity of nitrogen, sulfur or chlorine in a sample using 
analytical system 1 0 is less than about 1 part per million by weight or 1 mg/kg. 

30 

Additional data is provided in Table 2, which is representative data for the analysis 
of nitrogen, sulfur and chlorine in a hydrocarbon matrix by combus- 
tion/electrochemical detection. All samples were injected with a microliter syringe, 
attached to a liquid autosampler system which tends to remove sampling as a 
35 source f error. 
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TABLE 2. 




PARAMETER 


Nitrogen 


Sulfur 


Chlorine 


SAMPLE 5IZE (pL) 


10 


10 


10 


CONCENTRA- 








TION (mq/L) 


1-0 


1.0 


1.0 


INTEGRATOR 








COUNTS 


43.686 


23,782 


25,911 


STANTDARD 








DEVIATION 








(counts) 


±392 


±688 


±437 



The integrator count data in Table 2 indicates good sensitivity for nitrogen, sulfur 
or chlorine by the electrochemical detectors, and the standard deviation indicates 
1 5 good repeatability. 

Thus, it was discovered that electrochemical detectors, which were used for person- 
nel safety monitoring, were better detectors for use in analyzers in the field of in- 
dustrial process measurements than chemiiuminescent and fluorescent detectors. 

20 Analytical system 10 and its electrochemical detector system 26 are simpler for a 
user to operate and maintain than is an analytical system using chemiiuminescent 
and fluorescent detectors. Prior art analytical systems using chemiiuminescent and 
fluorescent detectors require an ozone generator, an ultraviolet light source, optics 
and photomultiplier tubes, each of which is a source of error, such as baseline drift, 

25 and each of which contributes to the cost of building the analytical system. 

Analytical system 10 on the other hand requires fewer components, and electro- 
chemical detector system 26 is more durable and capable of withstanding environ- 
mental factors encountered typically in a laboratory or field environment. Analytical 

30 system 1 0 is sufficiently durable for use in a field environment as a process ana- 
lyzer with the addition of a proper housing and enclosure to meet field safety re- 
quirements and necessary modifications such as cabling for remote operation. Elec- 
trochemical detectors 26a, 26b and 26c are less expensive than some of the com- 
ponents in the prior art analytical system, so analytical system 10 costs less to build 

35 than does the prior art system. Analytical system 1 0 offers the further advantage of 
chlorine analysis, which is not available in a typical prior art analyzer system used 
for total nitrogen and/or sulfur analysis. 
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The foregoing disclosure and description of the invention are illustrative and ex- 
planatory thereof, and various modifications and alterations to the embodiments 
disclosed herein will be apparent to those skilled in the art in view of this disclosure. 
5 It is intended that all such variations and modifications fall within the spirit and 
scope of this invention as claimed. 
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CLAIMS 

5 What is claimed is: 

1 . An analytical system for measuring total nitrogen and/or total sulfur and/or 
total chlorine, comprising: 

a furnace system for receiving and oxidizing a sample, the furnace system 
10 having an inlet and an outlet and producing a combustion gas stream; 

a sample introduction apparatus for delivering the sample to the inlet of the 
furnace system; and 

an electrochemical detector receiving the combustion gas stream for selec- 
tively detecting compounds. 

15 

2. The analytical system of claim 1, further comprising an electronic control sys- 
tem interfaced to the furnace system and the detector for manipulating and 
regulating analytical parameters. 

20 3. The analytical system of claim 1, wherein the furnace system includes a 
quartz combustion tube operable up to at least 1 200"C 

4. The analytical system of claim 3, wherein the quartz combustion tube is 
packed with quartz chips. 

25 

5. The analytical system of claim 1, wherein the furnace system includes a ce- 
ramic combustion tube operable above 1 200*C. 

6. The analytical system of claim 1 , wherein oxygen is used in the furnace sys- 
30 tern to oxidize the sample. 



7. 



The analytical system of claim 2, wherein the furnace system includes an elec- 
tronic mass flow controller interfaced to the control system. 
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8. The analytical system of claim 1 t wherein the sample introduction apparatus 
includes a quartz capsule for delivering a solid sample to the inlet of the fur- 
nace system. 

5 9. The analytical system of claim 1 , wherein the sample introduction apparatus 
includes a quartz sample boat for delivering the sample to the inlet of the fur- 
nace system. 

10. The analytical system of claim 1, wherein the sample introduction apparatus 
1 0 includes a syringe for delivering the sample to the inlet of the furnace system. 

11. The analytical system of claim 1, wherein the sample introduction apparatus 
includes a gas sample valve for delivering the sample to the inlet of the fur- 
nace system. 

15 

12. The analytical system of claim 1, wherein the detector has at least three elec- 
trodes. 

13. The analytical system of claim 1, wherein the detector detects nitric oxide 
20 (NO). 

14. The analytical system of claim 1, wherein the detector detects sulfur dioxide 
(S0 2 ). 

25 1 5. The analytical system of claim 1 , wherein the detector detects hydrogen chlo- 
ride (HCI). 

16. The analytical system of claim 2, wherein the control system includes a 
graphical interface for an user, and the control system accumulates and stores 

30 data. 

17. The analytical system of claim 16, wherein the control system comprises a 
personal computer system. 

35 18. The analytical system of claim 1 7, wherein the furnace system includes a fur- 
nace c ntrol module and the detector includes a detector control module, and 
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wherein the contr I system includes interface boards for interfacing the per- 
sonal computer system to the furnace control module and to the detector con- 
trol module. 



5 1 9. The analytical system of claim 1 , further comprising an enclosure for the fur- 
nace system, wherein the enclosure makes the furnace system suitable for use 
in a field analyzer. 

20. The analytical system of claim 1, further comprising a gas dehydration unit 
10 connected to the outlet of the furnace system for removing water from the 

combustion gas stream. 



21 . The analytical system of claim 20, wherein the gas dehydration unit comprises 
a permeation dryer. 

15 

22. The analytical system of claim 20, wherein the gas dehydration unit comprises 
a sulfuric acid dryer. 

23. A method for measuring total nitrogen, sulfur and/or chlorine, comprising: 
20 delivering a sample to a furnace system; 

oxidizing the sample in the furnace system to produce a combustion gas; and 
detecting a compound in the combustion gas using an electrochemical detec- 
tor. 

25 24. The method of claim 23, further comprising controlling the furnace system 
with an electronic control system. 

25. The method of claim 23, further comprising drying the combustion gas before 
the detection step. 



30 
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